Abstract: Sensorimotor mechanisms were studied on the basis of kinematic and electromyographic data as well as the static torque developed by the muscles as a function of joint angle. The latter relationship is known as the torque/angle characteristic. Fast single-joint movement may result from a shift in this characteristic and a change in its slope. Such movements were studied at the wrist in 9 normal and 1 deafferented subject. After training to flex the wrist to a target, subjects repeated the same movements but in random test trials movements were opposed by the load generated by linear position feedback to a torque motor. At the end of the loaded trials, the load was suddenly removed. In the second experiment, subjects made wrist movements to the target that were opposed by the load and, on random test trials, the movements were not loaded. In these test trials, the wrist arrived in a static position outside the target zone. In both experiments, subjects were instructed not to correct errors. The final torque/angle characteristics specified in the movements were reconstructed on the basis of the static wrist positions and torques before and after unloading. Normal subjects made movements by shifting the position of the torque/angle characteristic and by increasing its slope. If subjects indeed maintained the same pattern of control variables (descending commands), the same final position of the characteristic would be reproduced from trial to trial regardless of load perturbations. This assumption of equifinality was tested by comparing the final position of the wrist in nonloaded movements with that after removal of the load in loaded movements. Equifinality was observed in normal subjects. Movements in the deafferented subject were also associated with a shift of the torque/angle characteristic and a change in its slope. However, she was unable to consistently reproduce its final position. In spite of muscle coactivation, her maximal stiffness was lower than in normal subjects. In the absence of vision, the subject made movements with the load by increasing the slope of the characteristic instead of by shifting its position far enough. Load perturbation affected her final wrist position (inequifinality), which may reflect the presence of a significant hysteresis of the characteristic as a result of the absence of stretch reflexes. The deficits following deafferentation presumably result from the destruction of biomechanical and sensorimotor mechanisms including the ability of control variables to specify the positional frame of reference for afferent and descending systems.
Introduction
Different hypotheses concerning sensorimotor integration in movement production and kinesthesia have been proposed (for reviews see Berkinblit et al. 1986; Gandevia and Burke 1992; Gottlieb et al. 1989) . Traditionally, movements are believed to be produced basically by a central pattern generator, which is adjusted to environmental requirements according to afferent signals from proprioceptors (Granit 1970) .
In recent years, a more fundamental role of proprioceptive afferent feedback in movement production has been proposed. Afferent feedback may be essential to the definition of a frame of reference permitting the adequate orientation of movement in space (Flanders et al. 1992; Jeannerod 1988; Paillard 1991; Feldman and Levin 1993) . A specific schema for the generation of a positional frame of reference in which proprioceptive signals are integrated with independent control variables from descending systems has been suggested in the λ model of sensorimotor integration (Feldman 1980 (Feldman , 1986 Feldman and Levin 1993) . Briefly, according to this model, afferent feedback makes motoneuronal recruitment position dependent. Motoneurons (MNs) are recruited at muscle lengths greater than threshold (λ). This threshold is considered as the origin of the positional frame of reference. This mechanism gives rise to a unique mode of movement production by control variables, shifting the origin point (λ) of the frame of reference. In addition, since control variables thus acquire a positional dimensionality, they may be a component of position sense, the other component being provided by afferent signals to MNs (Feldman 1992; Latash 1993; cf. Gandevia and Burke 1992) .
An additional notion of the λ model is that given values of control variables specify a relationship (called the invariant characteristic) between the static net muscle torque and the joint angle. This characteristic also reflects the behaviour of the tonic stretch reflex at a given threshold level determined by descending commands. In intact systems, the stiffness and the general shape of the torque/angle characteristic for a single muscle result from intrinsic muscle properties and the positional recruitment of MNs as a result of the stretch reflex. Given an external torque (load), the joint reaches a position in which the net muscle and external torques are balanced. This combination of position and torque, called the equilibrium point (EP), is one of the points on the invariant characteristic. In normal subjects, different points on the invariant characteristic are associated with different levels of tonic EMG activity (Feldman 1979) in spite of constant descending commands.
According to the hypothesis, movement is produced by shifting the initial invariant characteristic from one position to another. The shift in position may be combined with an increase in the slope of the characteristic (Levin et al. 1992a ). These two processes are accomplished via a gradual change in λs in the form of reciprocal (R) and coactivation (C) commands to MNs of agonist and antagonist muscles, respectively (Feldman 1980) . Fast movements in particular are likely produced by a combination of R and C commands (Feldman 1980; Levin et al. 1992a) , which are, in contrast to EMG activity, independent of current biomechanical variables or afferent feedback to MNs. Invariant characteristics have been recorded for different joints in man by perturbation methods when subjects were instructed not to intervene (Asatryan and Feldman 1965; Crago et al. 1976; Davis and Kelso 1982; Gielen et al. 1984; Gottlieb and Agarwal 1988; Levin et al. 1992a ). This instruction requires the subject to maintain the same control pattern in spite of perturbations. Compliance with this requirement can be determined by the equifinality test. The test compares the final position of the limb in nonloaded movements with that after removal of the load in initially loaded movements. Provided that the subject does not change the control pattern and the torque/angle characteristic has a low hysteresis, the two final positions should be the same, hence the term equifinality. In the intact system, the stretch reflex compensates for the hysteresis of the muscle (Nichols and Houk 1976) and thus the equifinality test is reduced to a test of the insensitivity of the control pattern to external perturbations. Indeed the test is necessary since it has been shown that in spite of the instruction, transient limb perturbations may sometimes lead to changes in the control pattern (Feldman 1979; Feldman and Levin 1993; Gottlieb and Agarwal 1988) . Equifinality does not imply invariance in EMG signals, torques, and kinematics. In contrast, these are functions of load and peripheral feedback.
The λ model has been described in terms of intact motor systems. Results of deafferentation experiments neither reject nor support the model. However, the idea that control variables are not directly involved in the programming of EMG signals may also be generalized to deafferented conditions. For example, bursts of EMG activity and movement occur both in intact and deafferented states (Cooke et al. 1985; Forget and Lamarre 1987) . This may result from shifts in the equilibrium or steady state of segmental levels produced by descending systems. The model can also explain some of the deficits arising from deafferentation. In particular, the model predicts that the positional dimensionality of control variables and their ability to produce movement by shifts in the frame of reference will be lost following deafferentation. Consequently, one deficit would be movement imprecision and variability that could only partially be compensated by vision. Such imprecision has been documented experimentally (Blouin et al. 1993; Ghez et al. 1990; LaRue et al. 1991) . Another consequence of deafferentation would be a decrease in the slope of the torque/angle characteristic (reduction in stiffness). This may occur as a result of the loss of positional recruitment of motoneurons in the absence of the stretch reflex. Subjects may compensate for this deficit by increasing coactivation (Feldman 1986) . However, the model predicts that despite the coactivation, the upper limit of stiffness generated by deafferented subjects would be lower than normal, possibly leading to a decrease in the stability of posture and movement (Feldman 1986 ). Finally, the destruction of sensorimotor integration in the deafferented state may lead to hysteresis of the torque/angle characteristic, resulting in the loss of equifinality.
The following predictions of the λ model concerning sensorimotor and biomechanical aspects of single-joint movement production in normal and deafferented subjects were tested. (i) Control variables underlying fast single-joint movements are specified independently of current values of biomechanical variables and EMG signals. For this purpose, we compared kinematic and EMG characteristics of fast targetdirected wrist movements under different load conditions in normal subjects (see also Levin et al. 1992a) . (ii) In the deafferented state, movements may lose equifinality. (iii) Joint stiffness following deafferentation would be lower than normal despite higher levels of muscle coactivation. Some of the data have been previously reported (Levin et al. 1992a (Levin et al. , 1992b .
Methods
Kinematic and EMG activity during rapid wrist flexion movements were studied in normal subjects (five male and four female) and in one female subject with complete functional deafferentation. The deafferented subject's level of deafferentation is indeed quite rare, and she has been the subject of several studies to date. Briefly, 43 years old at the time of testing, she had suffered two episodes of sensory polyneuropathy, at the ages of 27 and 31, resulting in a specific loss of the large sensory myelinated fibres in all four limbs. Pain and temperature as well as motor pathways are intact. She is confined to a wheelchair but can function with maximal assistance. A more complete medical description of this patient can be found elsewhere (Cooke et al. 1985; Forget and Lamarre 1987 ). An additional demonstration of the absence of reflex responses to perturbations of posture and movement will be presented (see Results).
The experimental paradigm was similar to that described previously (Levin et al. 1992a ), but here, some modifications to the protocol were made in order to compare data from the deafferented subject with normal subjects. Subjects were seated with their right hand grasping the handle of a wrist manipulandum, the vertical axis of which was aligned with that of a torque motor (PMI U16M4, Mavelor Motors, Conn.). Their forearms were immobilized in the neutral position between pronation and supination by means of two distal and two proximal clamps. The axis of the wrist was aligned with that of the manipulandum to allow flexion and extension movements of the wrist. In another set of experiments, to minimize the participation of finger and hand muscles, the hand was clamped to the handle at the meta-carpal level so that the fingers were free.
For the movement trials, the wrist was held in 5°-10° of extension within a 1° target window for a random period of time ranging from 1 to 2 s. At the end of the holding period, subjects made a 30° wrist flexion movement to a 3° final target window. Subjects were instructed not to make corrections even if the wrist arrived in a final position outside the target zone. Experiments were carried out under two conditions, with vision (all subjects) and without vision (two subjects) of the cursor moving on the computer screen. In the without-vision condition, the cursor was only visible in the initial position and then disappeared when the wrist was moved outside the zone. For the deafferented subject, to avoid peripheral vision of her moving hand, her arm and hand were screened from view in experiments with no vision.
Wrist flexion movements were made as rapidly as possible with no load (nonloaded movement) or against a springlike load opposing the movement (loaded movement). The load torque was zero at the initial position and increased linearly with flexion, appearing only after the wrist left the initial target zone. For all loaded movements the load was introduced and maintained for 350 or 700 ms and then suddenly removed. All subjects easily observed the instruction not to correct movement errors even though they could see the deflection of the curser from the target zone (see Results). Experiments repeated on 4 different days for the deafferented subject and on 2 days in two normal subjects revealed high reproducibility.
In experiment 1, subjects initially trained (20-40 trials) to flex their wrist to the target with no load. In the subsequent 20-40 trials, a random 30% of the movements were opposed by a load (test trials). Experiment 2 was similar to the first one except that the subjects trained to flex their wrists to the target position with the load. In the subsequent trials, the load was not presented in a random 30% of these trials.
The schema in Fig. 1 explains the experimental design in terms of the shift in the torque/angle invariant characteristic. The initial equilibrium point is shown by point i and the initial invariant characteristic by the broken line. In experiment 1, the subject should produce the movement by shifting the invariant characteristic from the initial position to point a, and possibly increasing its slope. If the same invariant characteristic is specified in the movements with the load, the magnitude of the load will determine the final position at which the muscles will balance that load. The higher the load, the greater the undershoot of the target (Fig. 1, EP b) . In experiment 2, in order to reach the same target position with the load, subjects should shift the invariant characteristic further to the left (i.e., subjects should specify different control variables). Thus, the experiments were designed to measure two invariant characteristics, which were shifted in terms of their final positions. The load gains ranged from 0.02 to 0.05 Nm/° for different subjects and were selected so that the load would equal approximately 25 % of the maximal voluntary contraction of wrist flexors when the wrist was in the target position (30° flexion). Thus, at the target position, the load was between 0.6 and 1.5 Nm. Maximal voluntary contractions were measured with the hand open and the fingers free for all subjects. Additional trunk and arm restraints were used for the deafferented subject to minimize possible contributions to torque production by extra limb or body movements. Subjects produced three maximal voluntary contractions (2-s trials with 1 min rest in between) with the wrist in the neutral position, 0°, and in the target positions, 30°. EMG signals from wrist flexors and extensors (see below) were recorded along with torque.
In both positions, the deafferented subject had a large force deficit in wrist flexors (2.21 ± 0.64 Nm) compared with normal (range 4.45-8.60 Nm). For the deafferented subject, a load gain of 0.02 Nm/° (equivalent to 0.6 Nm at 30°) was chosen, which was approximately 27% of the value of her maximal voluntary contraction. For normal subjects, the load gains ranged from 0.04 to 0.05 (or 1.2-1.5 Nm at 30°) equalling the same or a lower percentage of their maximal voluntary contraction values. Such a load for the deafferented subject would be equivalent to as much as 54% of her maximal voluntary contraction. However, in some experiments, a high load gain (0.04 Nm/°) was used for the deafferented subject and a low load gain (0.02 Nm/°) was used for normal subjects (see Results).
EMG signals were recorded from two wrist flexor muscles (flexor carpi ulnaris, FCU; flexor carpi radialis, FCR), a wrist extensor (extensor carpi radialis, ECR), and a wrist and finger extensor (extensor digitorum communis, EDC) muscle. Before the start of the recording session, to exclude the possibility of cross talk between adjacent pairs of muscles, optimal electrode positions were determined in which the EMG signal was maximal during the desired movement and minimal during synergistic and antagonistic movements. Signals were recorded with active, bipolar, stainless-steel surface electrodes (Liberty Mutual MYO111, Delsys Inc., Wellesley, U.S.A.), 3 mm in diameter and spaced 13 mm apart having a bandpass of 45-550 Hz.
Position and velocity were recorded by a potentiometer Fig. 1 . Hypothetical schema of movement production and experimental paradigm. The subject trained to flex the wrist from initial position i to the target zone (stippled area). The initial stiffness is indicated by the slope of the initial torque/angle characteristic (dotted line rising to the right). In experiment 1, the movement unopposed by a load (L = 0) supposedly occurs by shifting the initial characteristic to the left and increasing its slope (right continuous line ab) leading to the establishment of EP a inside of the target zone. However, if the movement was unexpectedly opposed by a springlike load (dashed line L > 0), the same shift would have resulted in EP b since only at this point do the muscle and load torques balance each other. In other words, if the subject reproduces the same control variables resulting in the same final characteristic, ab, the wrist undershoots the target. However, after removal of the load, the wrist should return to position a (the principle of equifinality). Thus, equifinality is defined as the coincidence of final positions when movements are not loaded and after removal of the load in initially loaded movements. In experiment 2, to reach the same target position when the movement was opposed by load L, the subject should have shifted the characteristic further to the left (line cd) to establish EP c inside the target zone. After removal of the load, the joint should have arrived at EP d and overshot the target. The diagram predicts that if the subject reproduces invariant characteristic cd in subsequent trials in which there is no load, the same final EP would be reached (i.e., EP d). Unlike experiment 1, equifinality will be observed outside of the target zone.
and tachometer, respectively. Flexor or extensor torques were measured by a linear strain gauge mounted on a cylinder coupling the motor shaft to the wrist manipulandum. The torque transducer was not sensitive to forces acting in other directions. All data were recorded from 200 ms before to 1050 ms after the onset of the movement. Signals were amplified and digitized at 2 kHz for EMG data and at 200 Hz for kinematic data.
Maximal velocity, time to peak velocity, final position, and movement times were calculated from individual trials and averaged when necessary. Wrist position was considered to be stable when it did not vary more than ±0.5° and velocity was near zero (±5°/s) for a minimum of 50 ms. Time to peak velocity was computed as the interval between the movement onset (when the velocity exceeded 5°/s) to when it reached its maximum. Movement time was computed as the time between the movement onset and when the velocity returned to and stabilized around 0 ± 5°/s. For loaded movements, torque and position were measured before and after removal of the load when the position stabilized and velocity was near zero. Final wrist stiffness was measured from these trials as the change in torque over the change in position.
Tonic EMG activity was quantified by computing the root mean squared (rms) values in 150-ms windows prior to and 450 ms after movement onset for trials in which movements were nonloaded and loaded. This window size was chosen on the basis of preliminary findings that rms EMG was not affected by changing window size from 150 to 250 ms (Bilodeau et al. 1990) . A window of the same size was placed at the onsets of the first agonist and first antagonist bursts, determined visually as the first obvious deflection from baseline levels, for measurement of phasic EMG activity. Tonic EMG was expressed as the ratio of flexor or extensor activity following the movement to that prior to movement onset. To quantify changes in EMG signals resulting from presentation of the load, phasic and tonic EMG activity for each muscle was compared with that in the corresponding window during nonloaded movement.
Student t tests were used for statistical comparisons of mean positions, velocities, stiffness, and EMG areas. A level of p < 0.05 was considered significant for all tests.
Results
Kinematic and EMG patterns of fast wrist movement will be described first for normal subjects (Levin et al. 1992a) as an illustration of the idea that control variables are independent of kinematic variables and EMG levels and, secondly, as a basis for comparison with data from the deafferented subject. Figure 2 shows (single trials) kinematic data of nonloaded movements superimposed on that from loaded movements for one normal subject.
In experiment 1 ( Fig. 2A) , the subject trained to reach the target position with no load ( Fig. 2A ; traces marked with asterisks). When a load was suddenly presented (unmarked traces) the wrist, after some decaying oscillations finally stabilized in a position outside the target zone (positional undershoot). The subject could observe his errors on the computer screen, but the position of the wrist remained stable until unloading. In other words, the subject did not correct his errors, indicating that he complied with the instruction not to intervene. These errors (characteristic of all subjects) also implied that the oscillations about the final position were due to the natural underdamping dynamics of the system and not to intentional corrections. When the load was removed after 700 ms, the target position was regained.
Values for static torque and angular position were measured just before ( Fig. 2A ; closed bars) and after (open bars) unloading. These values were plotted as equilibrium points ( Fig. 2C; •) for these two trials. A line joining the equilibrium points represents the final torque/angle characteristic of the wrist (diagonal line rising to the right). The final wrist position after removal of the load in the initially loaded movement (• on abscissa) coincided with that after the non-loaded movement (○ below abscissa), illustrating positional equifinality.
In experiment 2 (Fig. 2B ) the subject also flexed his wrist to the same target position, but the movement was made against the load (unmarked traces). After unloading, the wrist position stabilized outside the target zone (Fig. 2B, bottom traces). In the nonloaded movements (traces marked with asterisks), the subject also stabilized his wrist in a position outside the target zone, and this final position corresponded to that in trials when the load was presented and later removed. Thus equifinality occurred outside the target zone in experiment 2 (Fig. 2D ) unlike experiment 1 (Fig. 2C ). In addition, subjects specified different torque/angle characteristics in the two experiments (Fig. 2D , experiment 1, broken diagonal line; experiment 2, continuous diagonal line).
As illustrated in the example in Figs. 2A and 2B, kinematic data were characterized by triphasic velocity profiles (middle traces) and rapidly decaying terminal oscillations before a final stable position was reached (middle and lower traces). Peak velocities depended on the load. For all subjects, mean peak velocities for non-loaded movements ranged from 442 to 938°/s and were less for loaded movements (range 251-742°/s). The time to peak velocity ranged from 60 to 90 ms under both load conditions (Levin et al. 1992a) . Figure 3 illustrates the final positions of nonloaded movements (closed bars) and static positions before removal of the load in loaded movements (open bars) from sequential trials in experiment 1 (left panels) and experiment 2 (right panels) for three normal subjects. The mean (±SD) positions of nonloaded movements are shown on the left of each panel by closed squares. The figure shows that in the random trials when the movements were loaded (experiment 1), the wrist systematically undershot the target position and that movements that were not loaded in experiment 2 systematically overshot the target. Positional errors in these test trials as well as those in the remaining trials were not corrected by the subjects.
Equifinality of movement was tested by comparing the mean final positions of the wrist after nonloaded movements (Fig. 3, ■) with those after removal of the load in initially loaded movements (□). In both experiments, there were no statistical differences between these two positions (shown as mean ± SD) for each of the subjects shown in Fig. 3 . Group data are given for each experiment in Table 1 . Equifinality was observed in all nine subjects (p > 0.05) for experiment 1 and in 7 of the 9 for experiment 2. In the two cases where equifinality was not observed, the difference in final positions was 2.6° and 3.5°. Equifinality was also apparent in both experiments for two of the subjects who made movements in the absence of vision (not shown in Table 1 ).
The finding of movement equifinality is consistent with the idea that control variables that specify the position and the slope of the final torque/angle characteristic may remain the same even though kinematics and phasic and tonic levels of EMG may vary as a result of the change in the load (Levin et al. 1992a) . Wrist flexion movements were characterized by typical triphasic EMG patterns, shown for single non-loaded and loaded movements from experiment 2 in Figs. 4A and 4B, respectively (see also Lee et al. 1986 ). Both phasic and tonic flexor EMG signals increased when the load opposed the movement (Fig. 4) . Flexor EMG signals, analyzed in six of the subjects, increased in movements when the load was applied compared with those made with no load. The area of the first agonist burst increased by factors ranging from 1.2 to 2.2 (mean 1.7 ± 0.4; see Levin et al. 1992a) . Changes in the antagonist burst with loading were less systematic (mean change = 1.3 ± 0.5). The patterns of the changes in final tonic levels of EMG signals were similar to those of the phasic bursts, flexor activity increasing with load (Levin et al. 1992a) .
Not only reciprocal activation but also coactivation of flexor and extensor muscles was used in the production of fast movements, as evidenced by the fact that tonic flexor and extensor EMG activity after the end of movement exceeded values obtained before movement onset (e.g., for nonloaded movement, by mean factors of 5.4 ± 3.0 and 2.4 ± 1.4 for flexors and extensors, respectively).
Stiffness was measured as the slope of the final torque/angle characteristic in every trial when the movement was loaded (see Methods). In the experiments with visual feedback, stiffness increased with the magnitude of the load gain in the two subjects tested. For experiment 2, using a low load gain (0.02 Nm/°) stiffness in these subjects was 0.061 and 0.087 Nm/°. For higher load gains (0.04 or 0.05 Nm/°), their stiffness increased and for all subjects, it ranged from 0.104 to 0.274 Nm/° (mean 0.178 ± 0.053 Nm/°; Levin et al. 1992a ).
In experiment 1, stiffness ranged from 0.051 to 0.237 Nm/° (mean 0.167 ± 0.064 Nm/°). Although the difference in stiffness in the two experiments was not significant for the Fig. 3 . Final positions of nonloaded movements (closed bars) and static positions before removal of the load in loaded movements (open bars) from sequential trials in experiment 1 (left panels) and 2 (right panels) for three normal subjects (S1, S2, S3). The target zone is indicated as the area between the two horizontal lines. Note the systematic undershoots and overshoots of the target in the test trials of experiments 1 and 2, respectively. ■, the mean (± SD) position of all the nonloaded movements. Equifinality of movement was tested by comparing these positions with those after removal of the load in initially loaded movements (□).
group, those subjects who worked with a low stiffness in experiment 1 significantly increased their stiffness in experiment 2. All subjects could generate stiffness greater than 0.104 Nm/°.
Deafferented subject Bernstein (1967) emphasized that the presence of even a small amount of afferent information can lead to the preservation of segmental reflex behaviour. Hence, we analyzed the agonist and antagonist EMG signals recorded from the deafferented subject following sudden unloading of the wrist, for the presence of reflex reactions (a decrease in flexor and an increase in extensor EMG activity), obvious in normal subjects (see Fig. 4B , horizontal bars below traces).aaaaaaaaa
Ensemble averaging (Fig. 5 ) of 10 trials did not reveal any reflex reactions in wrist flexor and extensor EMG muscles, indicating an insignificant role of muscle afferent feedback in moto-neuronal activation in this patient. Consistent with this conclusion is also the finding that phasic EMG activity in each experiment was not significantly different for loaded and nonloaded movements. For example, in experiment 1, the mean area of the first flexor burst was 42.49 ± 12.34 µV • s for loaded compared with 47.29 ± 13.65 µV • s for nonloaded movements), and the areas of the first extensor burst were 125.28 ± 46.59 and 136.18 ± 49.91 µV • s, respectively. Similarly there was no increase in tonic EMG activity for loaded compared with nonloaded movements. In loaded movements, the mean tonic flexor EMG 450-600 ms after movement onset was The load gain (Nm/°) used for each subject and each experiment is indicated in the second column. Data are given for normal subjects tested with vision and for the deafferented subject tested with and without vision. *Significant difference between end positions (p < 0.05).
Fig. 4. Examples of EMG, torque, and kinematic data (single trials) for (A) free wrist movements and (B) movements
opposed by the load, in a normal subject for experiment 2 in which the subject trained to reach the target with a load (gain 0.02 Nm/°). The target is indicated by the dotted horizontal line in the bottom traces. Experiments were performed in the presence of visual feedback. FCU, flexor carpi ulnaris; FCR, flexor carpi radialis; ECR, extensor carpi radialis; EDC, extensor digitorum communis. Note that phasic and tonic EMG activity of flexor muscles was greater in (B) loaded compared with (A) nonloaded movements. Removal of the load resulted in a stretch reflex in wrist extensors and a decrease in the EMG activity in wrist flexors (horizontal bars in B). When the load was removed, subjects overshot (B) the target position, which coincided with the final wrist position in nonloaded movement (equifinality outside of the target zone). Fig. 5 . Averaged EMG and kinematic data (n = 10) for the deafferented subject. After removal of the load shown in the torque trace, the wrist moved to a new position (bottom trace). Note the absence of stretch or unloading reflexes in extensor and flexor EMG traces, respectively (compare with the final third of Fig. 4B for the normal subject).
134.5 ± 53.2 µV • s, which did not significantly differ from that in nonloaded movement (123.7 ± 37.74 µV • s). In general, the deafferented subject produced kinematic patterns of wrist flexor movements in both experiments that were similar to normal. An example from experiment 2 with no vision is shown in Fig. 6 (load gain = 0.02 Nm/°). For the deafferented subject, velocity traces were biphasic. As for normal subjects (see Levin et al. 1992a) , peak velocities in the deafferented subject depended on movement amplitude. Taking into account this and the fact that her movement amplitudes were more variable than normal, we only analyzed trials in which the movement ended within ±5° of the target position in order to compare aspects of her movement speed with those of normal subjects. For these trials, her peak velocities fell in the lower part of the normal range. Her mean velocities for nonloaded and loaded movements were 448.0 ± 50.8 and 354.1 ± 36.1 °/s, respectively. However, the time to peak velocity was markedly prolonged compared with normal. For the deafferented subject, the mean time was 127.7 ± 12.0 ms for nonloaded movements and 138.0 ± 26.1 ms for loaded movements compared with 60-90 ms for normal subjects.
In experiment 1, the deafferented subject's wrist generally undershot the target when a load was presented and returned to or overshot the target zone when the load was removed. In experiment 2, her wrist arrived near the target zone with the load and overshot the target when the load was removed (Fig. 6) . In spite of lengthy training, she had difficulty stabilizing the wrist in the final position during the 500-ms holding period. Even with visual feedback, she specified the final wrist positions less precisely (Table 1) and with more variability from trial to trial (coefficient of variation for nonloaded movements, 13.4 ± 1.6%, compared with normal subjects, 8.0 ± 2.7%). This dispersion of final positions was larger in experiments using a high load gain and for those when vision was blocked (e.g., mean coefficient of variation 15.2 ± 4.0%; range 9.5-18.8% for nonloaded movements in experiments with no vision; see Table 1 for comparison with normal subjects). Some final wrist positions were deflected as much as 30° away from the target, especially in experiment 2 (see Fig. 7 ). This behaviour did not improve even after long periods of training. Similar results concerning the dispersion of final positions and the absence of learning have been previously reported for this deafferented subject and other less severely deafferented subjects (see Fig. 7 from Forget and Lamarre 1987; Ghez et al. 1990) .
As in normal subjects, for nonloaded movements, tonic flexor and extensor EMG activity after the end of movement was greater than that before movement onset, but this increase was less than in normals. For example, tonic EMG activity only increased by factors of 2.60 ± 0.92 and 1.48 ± 0.48 for experiments 1 and 2, respectively.
In Fig. 7 , the torque/angle characteristics for the deafferented subject from experiment 1 (dotted lines) and 2 (continuous lines), using two different load gains and under two visual conditions, are shown for experiments with (top) and without (bottom) visual feedback.
We compared the mean final position after nonloaded movements with that after removal of the load in loaded movements (equifinality test; compare closed symbols below the abscissa with the corresponding open symbols in Fig. 7 ; see also Table 1 ). Equifinality was observed in experiment 1 under most experimental conditions (i.e., vision/no vision, 0.02/0.04 load gain). However, the opposite was true for experiment 2. Note that inequifinality was observed under both visual conditions, especially in experiment 2, which required a further leftward shift of the torque/angle characteristic. Figure 7 also shows that, with vision, the deafferented subject was able to shift the characteristic to the left when she was required to reach the target with the load in experiment 2 in a manner similar to normal subjects. However, she lost this ability when making movements without visual feedback (compare Figs. 7A and 7B with 7C and 7D) . Instead, she changed the slope of the characteristic. This may be an indication of poor positional coding of control variables in the absence of vision. Fig. 6 . An example of the absence of equifinality for movement without vision in the deafferented subject. Averaged EMG and kinematic data for (A) nonloaded (n = 6) and (B) loaded (n = 8) movements are shown from experiment 2. In loaded movements, the load was removed after 350 ms. Mean final positions in loaded movements (A, bottom trace) and after removal of the load in initially loaded movements (B, bottom trace) did not coincide.
As in normal subjects, for the deafferented subject, stiffness was measured as the ratio of the change in static torque to the change in position immediately before and after unloading in individual trials. However, trials with obvious drifts (usually in the direction of extension) greater than 2° were not considered in the computation of stiffness. For this measurement, we used data from experiments in which the wrist was unloaded at 350 ms and movements were made without vision in order to minimize the effect of positional drift and the possibility of intentional corrections. Figure 8 compares stiffness data from one normal subject (A) and from the deafferented subject (B), who worked without vision. Both normal subjects and the deafferented subject increased their wrist stiffness in experiment 2. For the deafferented subject, these increased values were 0.050 and 0.063 Nm/° for load gains of 0.02 and 0.04 Nm/°, respectively. However, the upper limit of the deafferented subject's stiffness (0.063 Nm/°) was still significantly less than that in normal subjects (greater than 0.104 Nm/°; Levin et al. 1992a ). This conclusion is still valid even if we take into account her data from experiments with visual feedback (see Fig. 7B ).
Discussion

Normal motor control
The results of this study (see also Levin et al. 1992a ) are consistent with the suggestion that fast wrist movements are associated with a translation of the static torque/angle characteristic. The model also predicts that to reach the same target under different load conditions, the subject should specify different positions of the torque/angle characteristic. Indeed, this behaviour was observed in normal subjects (Levin et al. 1992a ; Fig. 2 ). In addition, according to the model (Feldman 1980) , the translation of the characteristic from the initial to a final wrist position should be accompanied by an increase in the slope of the characteristic. This is consistent with the finding that stiffness after the end of the movement (Table 1) in our experiments significantly exceeded that (0.05 Nm/°) measured in the initial wrist position by De Serres and Milner (1991) . This increase in stiffness was likely achieved by means of strong coactivation of agonist and antagonist muscles as shown by the comparison of the initial with the final levels of tonic EMG activity.
The movements in normal subjects showed equifinality when they were transiently perturbed and relatively low variability of the final position of the joint under stationary load conditions (Table 1 ) with or without visual feedback. The presence of equifinality may indicate insignificant hysteresis of the final torque/angle characteristic and that the process of the specification of the characteristic is insensitive to changes in the load. In other words, for movements to be equifinal, subjects should intentionally avoid modifying control variables and their timing should remain the same despite changes in the load during the movement and Fig. 7 . Torque/angle diagrams for experiment 1 (dotted lines) and experiment 2 (continuous lines rising to the right) in the deafferented subject working (A and B) with and (C and D) without visual feedback. Results of experiments with two loads (continuous line rising to the left; gain = 0.02 in Figs. 7A and 7C and 0.04 Nm/° in Fig. 7B and 7D ) are shown.
• and thin horizontal bars, mean combinations of torque and joint angle (±SD) before and after unloading. Below the abscissa, the mean (±SD) final positions after removal of the load (•) are compared with those in nonloaded movements (○). Note the absence of equifinality in some experiments. In addition, the subject, on average, increased the slope of torque/angle characteristic to perform movement in experiment 2 without vision instead of shifting it as she did when working with visual feedback. throughout the holding period. At least in animals, it has been shown that in decerebrated cats, descending influences to the spinal cord can be experimentally fixed by tonic electrical stimulation of descending pathways, whereas muscle length, force, and EMG activity may change as a result of changes in the load (Feldman and Orlovsky 1972; Hoffer and Andreassen 1981; Matthews 1959; Nichols 1989) . In man, similar behaviour may likely be achieved by the instruction not to intervene when the load is changed (see Introduction; Feldman and Levin 1993) . For example, in experiment 1, subjects initially specified control variables to reach the target in nonloaded movements. Then, in random trials, the load was introduced and then suddenly removed after the end of movement. The fact that subjects made no corrections in spite of obvious positional undershoots ( Fig. 2A) suggested that they observed this instruction leading to movement equifinality. This is further evident from the fact that, in experiment 2, equifinality was observed outside the target zone (Figs. 2 and 3, right panels) , which would have been impossible if subjects corrected their "errors" and tried to regain the target. Equifinality is thus consistent with the hypothesis that the same pattern of control variables was preserved despite the modifications in kinematics and even EMG (Fig. 4) elicited by the perturbations. Equifinality for fast thumb movements in intact subjects has also been observed for viscous (velocity dependent) loads (Day and Marsden 1982) .
We measured final joint stiffness as the change in static torque over the change in position in movements which were initially loaded and then unloaded. However, stiffness can also be measured by determining these parameters from the mean final positions of nonloaded and loaded movements. The difference between the two methods is that in the first, the change in torque is negative and in the second, positive. Correspondingly, the change in the length of the agonist muscles also occurs in opposite directions. These two methods are equivalent when equifinality is observed, as was the case for most of our subjects. The fact that two subjects did not show equifinality in experiment 2 does not necessarily mean that they modified control variables in response to load perturbations: the final torque/angle characteristics may have some degree of hysteresis as a result of intrinsic muscle properties (Nichols and Houk 1976) .
Some normal subjects used relatively low stiffness when they initially trained to reach the target without a load (experiment 1). However, these subjects significantly increased their stiffness when they worked against a load (experiment 2) as well as when the load was increased. Thus, normal subjects demonstrated a range of stiffness which depended on both the position of the characteristic and magnitude of the load and could attain a stiffness greater than 0.1 Nm/°.
Results of the equifinality test also suggest that the final position and stiffness of the torque/angle characteristic remained constant in most subjects during the holding period. This is consistent with the observation that the level of tonic EMG did not significantly change during this period. The balance of excitatory and inhibitory feedback from peripheral afferents may be essential for the stabilization of position (Gandevia and Burke 1992) . Although the activity of muscle spindle afferents may decay during the static holding period of the movement (Matthews 1964 ), this may not affect the level of EMG activity since the decrease in inputs from homonymous muscle spindle afferents may be accompanied by a simultaneous decrease in reciprocal inhibition mediated by la interneurons. Recurrent inhibition of MNs may also play a role in stabilizing the tonic level of EMG during the holding period (Windhorst and Kokkoroyiannis 1992) .
Effects of deafferentation
As has been shown in animal studies (Kaas 1991; Turnbull and Rasmusson 1990; Rasmusson et al. 1993) , deafferentation not only is associated with the absence of proprioceptive feedback to motoneurons but also leads to a stable neuronal reorganization associated with a change in the balance of inhibitory and facilitatory inputs to different brain structures, modifications in the somatotopic maps, and sprouting of neuronal fibers. Changes in the organization of neuronal tissue may occur immediately after deafferentation (Merzenich et al. 1984; Rasmusson et al. 1993 ). Neuronal reorganization after deafferentation is likely to occur in humans (Cohen et al. 1991; Hall et al. 1990; Sica et al. 1984) . Therefore, the deafferented subject's sensorimotor deficits may also be associated not only with the lack of reflex inputs to motoneurons but also with some degree of central neuronal reorganization. Despite this brain plasticity, some sensorimotor deficits elicited by deafferentation remain.
Some movement deficits in the deafferented subject observed in the present studies have already been described in the literature. Our observations of deficits in maximal voluntary contraction levels, increased coactivation of agonist and antagonist muscles, variability in final positions, and instability during the holding period are similar to previously reported data (see Introduction and Results). Previous studies on this patient showed an essential deviation of EMG patterns from normal (Forget and Lamarre 1987) as well as increased coactivation of agonist and antagonist muscles (Forget and Lamarre 1990) during rapid elbow flexion movements and imposed unloading of the forearm, respectively (cf. Hallett et al. 1975) . In the present study of the more distal wrist joint, the deafferented subject's movements were also characterized by coactivation of agonist and antagonist muscles, with less demarcated reciprocal activation (Fig. 6 ). For example, we also observed that, even with visual feedback, her movements were essentially less precise than in normal subjects and the imprecision persisted in spite of prolonged training. In the absence of visual feedback, final positions were even more dispersed, evidenced by a significant increase in the coefficient of variation. Despite visual feedback of the initial wrist position in some experiments, she systematically shifted the final position (usually into more flexion) in sequential trials with the deflection sometimes reaching as much as 30-40° (Fig. 7) . This finding is consistent with the suggestion (Feldman and Levin 1993 ) that, in normal subjects, proprioceptive feedback may provide not only the positional frame of reference for moto-neuronal recruitment but also the positional dimensionality for control variables. As a result, control variables are able to produce movement by translating the frame of reference and thus precisely orienting it in space. Our data are consistent with the hypothesis that, as in normal subjects, when the deafferented subject had visual feedback, she made movements by shifting the position of the torque/angle characteristic (see Figs. 7A and 7C ). However, without visual feedback, the positional coding of the characteristic was replaced with alteration of its slope (Fig. 7) . These results may suggest that vision compensates for the loss of the positional frame of reference for motoneuronal recruitment and positional dimensionality of control variables. However, the imprecision of her movements in the presence of vision may indicate that the loss of positional coding of control variables cannot fully be compensated by vision.
The deafferented subject's reactions to the sudden change in load (positional undershoots or overshoots) were qualitatively similar to normal. Indeed, these reactions were likely mediated basically by the elastic properties of active muscles since her phasic EMG activity, in contrast to that of normal subjects, did not change when the load was suddenly added or removed (Figs. 5 and 6B ). This not only is consistent with her diagnosis of deafferentation but also may indicate that she observed the instruction not to correct her wrist deflections.
When the deafferented subject was required to move the wrist to the target zone against a load (experiment 2), her behaviour was typically characterized by a lack of equifinality (Table 1; Figs. 6 and 7). The loss of equifinality in the case of movements perturbed by viscous loads has previously been reported following ischemic deafferentation of the thumb (Day and Marsden 1982) . In the deafferented subject, this behaviour was most obvious for the higher load (gain = 0.04 Nm/°; see Figs. 7B and 7D) . This load at the target position represented approximately 57 % of her wrist flexor maximal voluntary contraction (25 % of the maximal voluntary contraction for normal subjects). Although inequifinality was also observed in 2 of the 9 normal subjects, the degree of inequifinality in the deafferented subject was, indeed, higher (2.6-3.5° vs. 10.8-21.0°, respectively; see Table 1 ). Also, for the deafferented subject, the mean final positions were different in non-loaded movements and after removal of the load in initially loaded movements in experiment 2 (Table 1 ), yet her EMG patterns were similar (Fig. 6 ). This suggests a peripheral rather than central origin of inequifinality.
It has been shown in animal studies that stiffness of deafferented muscles at a given level of activation may be different depending on whether the muscle is being stretched or shortened (Nichols and Houk 1976) . The inequifinality of the deafferented subject's movements may be a consequence of such a hysteresis. The same authors also demonstrated that afferent feedback plays an essential role in compensating this nonlinear muscle behaviour. Our data on the equifinality of movements in most normal subjects and inequifinality of the deafferented subject's movements against higher loads is also consistent with this role of afferent feedback.
Thus, the possible presence of a hysteresis in the deafferented subject's torque/angle characteristics should be taken into account when discussing our data on final wrist stiffness. In trials from experiment 2 in which movements were not loaded, the wrist reached, on average, a more flexed position than in trials in which movements were initially loaded and then unloaded. This implies that joint stiffness was greater in the latter case. This higher stiffness was measured in our studies (Fig. 8) . However, even this stiffness was low compared with that in normal subjects. The deafferented subject's maximum stiffness (0.063 Nm/°) was significantly less than that of all normal subjects (>0.1 Nm/°).
The slope of the torque/angle characteristics in normal subjects depends upon muscle elasticity, reflex (position dependent) recruitment of motoneurons, and coactivation of agonist and antagonist muscles. Since positional recruitment of MNs essentially contributes to muscle stiffness (Hoffer and Andreassen 1981; Houk 1976; Sinkjaer and Hayashi 1989) , the loss of this recruitment would lead to reduced or even negative stiffness (Rack and Westbury 1969) . The loss of the reflex component of stiffness may not be fully compensated by muscle coactivation in the deafferented subject owing to her low maximal voluntary contraction. When producing a net joint torque, only the remaining agonist torque, i.e., the difference between the given and maximal torque, is available for cocontraction. Thus, if the maximal torque level is low, the ability to produce high levels of stiffness by coactivation may also be limited. Consistent with this view is our finding that the increased coactivation in the deafferented subject was inadequate to produce a high enough level of stiffness to prevent large wrist deflections when the load was suddenly changed. The deficit in stiffness may also have led to the significant increase in the time to peak velocity in the deafferented subject (see Results).
In summary, the findings of positional imprecision and variability suggest that deafferentation not only eliminates afferent feedback but may also destroy the mechanism of the positional calibration of control variables underlying movement production. In the λ model, control variables in normal subjects predetermine the reference points for positional recruitment of motoneurons and, as a result, the range of joint angles in which equilibrium can be established. In deafferented subjects, vision is unlikely to fully compensate the lack of these fine sensorimotor mechanisms. Biomechanical consequences of deafferentation (the loss of equifinality, low stiffness, and a probable increase in the hysteresis of torque/ angle characteristics) may further contribute to motor deficits in deafferented patients.
